Abstract. Numerical simulations of directional solidification of Si melt are performed to study the heat transfer characteristics like stream line flow, Peclet cell number and cell Reynolds number. Dimensionless numbers are of key importance in parametric analysis of non-linear complex transport phenomena of bulk silicon growth process. They are also extremely useful in understanding of the heat and mass transfer of fluid flow on Si melt during crystal growth processes. The flow and thermal pattern influences the quality of the crystal through the convective heat and mass transport. The art of dimensionless numbers like Peclet cell numbers, Reynolds cell numbers on the flow field were studied with the help of numerical simulation. The computations are carried out in a 2D axisymmetric model using the finite-element technique. The results indicate that thermal forces have a dramatic effect on the flow of silicon melt. The simulation results are in reasonable agreement with the predictions of the theoretical approach.
INTRODUCTION
The photovoltaic (PV) industry has expanded considerably, resulting from the desire to replace fossil fuel based energy sources with renewable energy sources. Directional crystallization of Si ingots is the most cost effective technique for the production of silicon wafers in the PV industry. The physical process in solidification of liquid is of great importance in natural and industry world. It can be described by mathematical model considering the transport of mass, momentum, and energy. To understand the physical mechanisms inside by theoretical analyses and numerical simulation with these models has been an attractive topic in the circles of applied physics, materials science, and applied mathematics [2] . The physics governing the growth of silicon in the directional Solidification System involves complex non-linear transport phenomena of heat and mass transfer processes. The DS process is of prime importance, as the formation and distribution of impurities, precipitates, thermal stress and dislocation defects in a grown ingot are mainly determined at this stage. Stream line flow, Peclet cell numbers and Reynolds cell numbers are simulated and analyzed in the framework of a stationary model using the incompressible Navier-Stokes equation with Boussinesq approximation and the convectiondiffusion equation. The set of governing dimensionless differential equations are solved together using finite element method (FEM). Based on the fluid dynamics model, a numerical simulation was performed on the thermal characteristics on the silicon melt of the DS process.
TABLE1. Physical parameters of silicon (liquid). Symbol and Description
Values (units) β heat expansion coefficient γ surface tension dγ/dT rate of change of surface tension ρ density C p specific heat capacity T melt melting point temperature η Dynamical viscosity λ Heat conductivity σ electrical conductivity L latent enthalpy D thermal diffusivity 
MATHEMATICAL MODELLING:
The transport of heat, mass and momentum is especially essential in bulk crystal growth processes. Flow in the molten phase is indispensable for transport of heat and mass convection in bulk crystal growth systems. For liquids, such as molten phase in melt growth, flows are described by conservation equations written for momentum (Navier-Stokes equation) and continuity of an incompressible, Newtonian fluid with the application of the Boussinesq approximation:
Navier-Stokes equation
Navier-Stokes equation with Boussinesq approximation
The first term gives the rate of momentum gain by viscous transfer, the second by convection, and the third by pressure forces. where the variable of properties ρ η, ,u, p, g, β ,T . are dynamic viscosity , density, velocity vector, pressure, acceleration due to gravity, thermal expansion and reference temperature respectively. The F is considered only as Boussinesq approximation, it is a source term representing external forces per unit volume (N/m 3 ).
Convection -diffusion transport equation is
where β is the convective velocity vector, c is the diffusion coefficient, u is a transported scalar, and F is a source term. 
Peclet cell number

NUMERICAL METHOD
The governing equations and the boundary conditions for the fluid flow and temperature fields in the Si melt system are solved numerically using finite element method in which the calculation domain is discretized as triangular element into a finite number of elements. The continuous physical model is divided into finite pieces called elements and laws of nature are applied on the generic element and the results are then recombined to represent the continuum. The computations are made using the two-dimensional axis-symmetry hypothesis for inner cell silicon melt of rectangular crucible. The simulation system of Si melt surface area is m m 05 . 0 01 . 0 ×
. According to the considered geometry, 13256 triangular elements are partitioned as sub domains. The time-independent Newtonian incompressible Navier-Stokes model for fluid flow, heat and mass transfer, along with weak form of the boundary is solved using the finite-element method.
SIMULATION RESULTS
The numerical simulations of Si melt flow properties such as stream line flow, Pecelt cell number and cell Reynolds numbers were carried out for the two temperature differences (8K and 0.8K). The maximum flow velocity in the melt is measured from simulation results (Fig. 1) . It is around 0.087m/s and 0.0187m/s for two ∆T 8K and 0.8K respectively. The Peclet number plays a role in heat transfer that is similar to that of the Reynolds number in fluid mechanics. The Peclet number tells us the relative importance of convective transport of thermal energy when compared with molecular transport of thermal energy (conduction). We have found that the Peclet cell numbers are small for silicon melt (Pe < 1). Fig.2 shows that the contour of Peclet cell numbers is varied with limit of theoretical values. Cell Reynolds numbers also simulated for small melt system for two various ∆T. Fig.3shows that cell Reynolds number highly changes with small change of ∆T. We have understood the physical phenomena of heat transfer of Si melt from analyzing the dimensionless numbers. The Peclet cell number can be interpreted as the cell Reynolds number counterpart for thermal energy transfer. The results conclude that heat flow properties are understood to study the dimensionless numbers of Si melt in directional solidification process. 
CONCLUSION
We carried out numerical simulations of heat transfer and fluid flow characteristic of Si melt in a directional soldification system using finite element tecnique. A stationary model of the framework is employed in incompressible Navier-Stokes equation in the Boussinesq approximation and the convectiondiffusion equation. The stream line flow, dimensionless numbers like Peclet cell number and cell Reynolds number were investigated for Si melt with two temperature differences.
